The nicotinic acetylcholine receptor (AChR) was expressed in Xenopus oocytes from in vitro transcribed mRNA and was imaged by atomic force microscopy. A characteristic pentameric structure of AChR was readily observed on the extracellular face of the cell membrane, with a central pore surrounded by protruding AChR subunits. These structures were seen only in mRNA-injected oocytes that also gave acetylcholine-induced membrane currents. The size of individual AChR channels, the angles between subunits, and the interchannel spacing were all compatible with the current model of AChR. In addition, localized patches of microscopic AChR clustering were observed, with packing density approaching that at the neuromuscular junction. These findings show the potential of studying cloned membrane proteins in oocytes for both their surface topography and their structurefunction relationship in native membrane without the need for crystallization.
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A large number of membrane proteins, including receptors, ion channels, and transporters, have been molecularly cloned, allowing characterization of their function. Based on the primary amino acid sequence of these proteins, their secondary structure and topology in the membrane have been proposed. However, their quaternary structure is mostly unknown. This is mainly due to the lack of a suitable method for three-dimensional imaging of membrane proteins: the existing techniques such as x-ray diffraction require crystallization, which is very difficult, if not impossible, for integral membrane proteins.
Recently developed scanning probe microscopy, especially scanning tunneling microscopy (STM) and atomic force microscopy (AFM), can obtain three-dimensional images with nanometer resolution under physiological conditions (1) (2) (3) . Images ofproteins, membranes, and nucleic acids have been obtained with . However, potential pitfalls of STM imaging of biological specimens exist (7) , and image formation mechanisms are not known for relatively nonconducting biological materials of thickness greater than a few nanometers (2) . This is because STM imaging relies on the probability of electron tunneling through the energy barrier, and such probability decreases exponentially with distance. AFM, on the other hand, is well suited for biological materials because it does not require electron-conductive materials, and has been used on many biological specimens (5, (8) (9) (10) (11) (12) (13) (14) (15) , including macromolecules in noncrystalline form. However, membrane macromolecules studied by AFM were either purified or reconstituted in lipid vesicles. Such manipulations may alter the native topography of proteins due to either purification damage or altered lipid environment. In an attempt to image proteins in the intact cell membrane, we utilized Xenopus oocytes and expressed acetylcholine receptor (AChR) subunits from cDNA clones. We report here the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
AFM imaging of AChR channels at molecular resolution on the oocyte surface. Voltage-clamp recording ofthese oocytes showed acetylcholine (ACh)-induced currents. Since functional characterization of cloned proteins can be carried out by oocyte expression, our approach provides a way to directly correlate their structure-function relationships in the same cells.
MATERIALS AND METHODS
Oocyte Preparation, RNA Synthesis, Electrophysiology, and Toxin Binding. Oocytes were prepared from adult female Xenopus laevis as described (16, 17) . Mouse AChR subunit mRNAs were synthesized in vitro from cloned cDNAs (16, 17) , mixed at a ratio of 2:1:1:1 for the a, f, y, and 8 subunits, and injected into oocytes (5 ng per cell). Oocyte response to ACh was measured by whole-cell voltage clamp (16) . Binding of 1251-labeled a-bungarotoxin (DuPont/NEN) to intact oocytes was assayed as described (16) .
Sample Preparation for Imaging. The vitelline membrane of an oocyte was manually removed in hypertonic solution. After rinsing in distilled water, the cell was cut into two halves with a surgical scalpel. Half ofthe cell was transferred onto an AFM sample holder with the cut side facing down, and excess fluid was removed with a pipette. Alternatively, a cell without the vitelline membrane was directly placed on an AFM sample holder. After allowing the cell to adhere to the coverslip surface and to flatten under gravity, excess fluid was removed. The samples were air-dried for 2-6 hr before imaging.
AFM Imaging. Imaging was performed (10, 15) at room temperature with a NanoScope II (Digital Instruments, Santa Barbara, CA), using microfabricated Si3N4 cantilevers of 100-,um narrow legs and an average spring constant of about 0.38 N/m. Cantilevers were pretested for their ability to produce molecular resolution images offreshly cleaved mica. The force during imaging was regularly monitored and maintained at a minimum. To avoid imaging artifacts, various tests were conducted (10, 15) , including rotation of scan directions with respect to the image, effect of scan rate, and linear pattern repeatability at one-dimensional scanning. Images were saved on a computer only after they passed these tests and appeared stable over multiple scans. Low-pass filtering and plane fitting, when needed, were used in data analysis to remove high-frequency noise and to compensate for surface curvature.
RESULTS AND DISCUSSION mRNAs were synthesized in vitro from the cDNA clones for the a, /3, y, and 8 subunits of the mouse nicotinic AChR and were microinjected into defolliculated Xenopus oocytes for Abbreviations: ACh, acetylcholine; AChR, ACh receptor; AFM, atomic force microscopy; STM, scanning tunneling microscopy. tTo whom reprint requests should be addressed.
Proc. Natl. Acad. Sci. USA 90 (1993) 7281 functional expression. Two days after microinjection, oocytes were voltage-clamped by using a two-electrode whole-cell clamp mode (16) . Bath application of ACh elicited large inward currents in mRNA-injected oocytes (Fig. 1A) but not in noninjected oocytes (data not shown), indicating functional expression of the AChR channels. The conductance at 1 ,uM ACh was 21.9 ± 0.8 ,uS (mean ± SEM, n = 8). The AChR channel density on the cell surface was determined by binding to a-bungarotoxin, a neurotoxin with high affinity for AChR (18) . Toxin binding to mRNA-injected oocytes was 6.55 ± 0.22 fmol per cell (mean ± SEM, n = 10), whereas that to control oocytes was 0.14 ± 0.01 fmol per cell (mean ± SEM, n = 17) (Fig. 1B) . Since two molecules of a-bungarotoxin bind to each AChR on its a subunits (18), the channel density was =3.2 fmol per oocyte.
For AFM imaging, individual oocytes were prepared by either the cut-cell or the whole-cell method and were placed on AFM sample holders. Fig. 2A shows an example of the whole-cell preparation. Both the pigmented animal hemisphere and the nonpigmented vegetal hemisphere were visible. Also seen on the cell surface were cracks in the membrane, which probably arose during air-drying. Oocyte preparations were imaged by AFM. Fig. 2B displays a low-magnification AFM image of an oocyte surface area. A crack in the plasma membrane, 500-700 nm in width, split the membrane down the middle and formed a wide trough (Fig.  2B ). Two layers of membrane were visible at certain places on both sides of the crack (Fig. 2B, arrows) . These probably represented the split between the lipid bilayer, with each monolayer and the proteins associated with it comprising one of the layers in the image. Fig. 2C shows a line plot of this image, highlighting the two layers in the membrane. The thicknesses for the upper and lower layers averaged 6.9 ± 0.3 nm and 6.1 ± 0.4 nm, respectively, giving a total thickness of 12-13 nm. This value agreed with previous studies that the AChR has a net length of =13 nm, traversing the lipid bilayer and protruding a few nanometers out of the plasma membrane and into the cytoplasm (19, 20) .
When the scan size was reduced, high-resolution images of the oocyte surface were obtained (Fig. 3) . The surface topography of an oocyte not injected with any mRNA did not Biophysics: Lal show regular protrusions of membrane proteins (Fig. 3A) , although occasionally we saw scattered protrusions with no regularity in appearance, presumably representing endogenous membrane proteins. Oocytes injected with AChR mRNAs, on the other hand, displayed areas where many AChR channel-like protrusions were clearly visible on the cell surface. Fig. 3B shows an example of an area with a high density of channels. There does not appear to be a regular long-range order for the packing of AChR-like molecules, as seen in the top-view image in Fig. 3C . These structures are most likely AChR channels rather than some artifacts, because they were seen only in AChR mRNA-injected oocytes and not in noninjected control oocytes. Of -150 fields from three mRNA-injected oocytes that were examined by AFM, 21 fields (=44%) displayed these channel-like structures. They were not, on the other hand, seen in >50 fields from five control oocytes. Since only the mRNA-injected oocytes, but not control oocytes, gave ACh-induced membrane currents (Fig. 1A) and a-bungarotoxin binding (Fig. 1B) , these structures are most likely AChR molecules.
At the macroscopic level, it has been reported that in oocytes, AChRs expressed alone from the cloned cDNAs were uniformly distributed, and that when co-expressed with the 43-kDa protein they formed 500-to 1500-nm clusters (21) . Using AFM, we found that at the microscopic level the AChR distribution without coexpression of the 43-kDa protein did not seem uniform, as we scanned some areas without seeing many AChR molecules whereas other areas were like that shown in Fig. 3C . Such a microscopic clustering was not seen in previous measurements in oocytes (21) , because the measurements were on a distance scale larger than that used here. It is unlikely that this microscopic clustering is an artifact from air-drying during oocyte preparation for imaging. If drying were to induce clustering, one would expect to see clusters as a regular feature-a phenomenon not commonly observed in our study.
The extent of microscopic clustering is not known, but the following calculation provides a general estimate. The abundance of the expressed AChR in individual oocytes, as determined by a-bungarotoxin binding, was =3.2 fmol (Fig.  1B) , or 1.9 x 109 AChR molecules per oocyte. For the 250-kDa multisubunit AChR, the minimum center-to-center distance between channels is 9-10 nm (19, (22) (23) (24) (25) . The channels in closely packed areas (Fig. 3C) were spaced 10-11 nm apart, close to this minimum value for center-to-center distance. The average surface area of an oocyte, which is severalfold higher than the apparent surface area because of substantial invagination of the oocyte membrane (26) , is about 2.5 x 107 A&m2, based on capacitance measurements of =250 nF per oocyte (27) and calculated by using the value of 1 tLF/cm2 for biological membranes. If AChRs were randomly distributed, the average spacing would be -114 nm. Therefore, calculation suggests that the extent of microscopic AChR clustering in certain areas on oocytes could be as high as >100-fold that of random distribution. Fig. 4 further shows the spacing between AChR molecules. The three channels appeared to be closely packed (Fig. 4A) , with center-to-center distances of 10.4 nm and 11.5 nm (Fig.  4B) . By electron microscope autoradiography, it has been shown that the AChR density at the neuromuscular junction is 10,000-20,000 channels per um2 (28) . Since AChR channels at the neuromuscular junction are concentrated at the crests of the postsynaptic folds as well as immediately surrounding membrane foldings as seen by immunogold electron microscopy (29) , their center-to-center spacing is 9-10 nm. The density of microscopic AChR clustering in oocytes, therefore, approaches that at the neuromuscular junction. This high-density clustering at the microscopic level was unexpected, since macroscopic clustering of AChRs has been achieved by coexpressing the 43-kDa protein (21) . It is possible that endogenous 43-kDa protein in oocytes played a role in the formation of microscopic clusters. An alternative explanation is that AChRs tend to aggregate on their own at the microscopic level, as suggested by spontaneous aggregates of AChRs after alkaline removal of extrinsic membrane proteins (20) ; equal molar quantities of the 43-kDa protein may be needed only for macroscopic clustering. We could not distinguish between these possibilities. As can be seen in Fig. 4 , the protrusion of AChR channels from the membrane surface was unequal, with the channel in the middle of the figure being the highest. This protrusion variation seemed to be a general phenomenon. It was unclear whether it had any functional significance or whether it reflected local convolution of the membrane surface.
High-resolution (smallest scan area) AFM images of single AChR channels were obtained in three cases. An example of such images is shown (Fig. 5) . Fig. 5A displays the top view of a pentameric structure, and the five subunits are marked with numbers. The contour map in Fig. SB outlines the boundaries ofthe receptor and shows the central pore-shaped ion channel. Protruding more from the membrane were subunits 1, 3, and 4, probably the f3, y, and 8 subunits (22) . Subunits 2 and 5, presumably the two a subunits, were more recessed. These observations agree very well with the reconstructed AChR image (22, 24, 25, 30) . A similar pentameric structure of AChR has been obtained by STM with isolated membranes from Torpedo electric organ (6); however, mechanisms for imaging relatively nonconductive biological samples tens of nanometers thick by STM are unknown. The angle between the two putative a subunits (Fig.   5 ) was about 1280, in agreement with the reported values (22, 23, 30) . The unit cell was about 10 nm in diameter, suggesting that the dimensions for AChR along the membrane surface were not changed significantly in dried oocyte membrane. However, the AChR protrusion height measured from Figs. [3] [4] [5] (0.7 + 0.1 nm, mean ± SEM, n = 11) is smaller than the reported value (22) . It is possible that water loss during drying may have resulted in a reduction of height of the AChR protein. Our attempt to image under fluid was not successful, mainly due to the instrument limitations for loading oocytes into the fluid chamber. Another possible cause for the relatively shallow AChR protrusion measured by AFM is the relatively large tip size of the scanning probes we used, which may have prevented it from protruding into the closely packed subunits. Development of sharper tips (13) will aid depth measurements in closely packed molecules. It should be noted, however, that relative positions of molecular topography measured with large-tip probes are accurate (9, 10, 15, 31) . Drying did not seem to affect the thickness oflipid bilayer (Fig. 2B) , presumably because the membrane itself did not contain much water. Membrane molecules in dried samples appeared stable, since the AChR images we observed did not change over a scanning period of minutes. The high resolution ofAChR channels that we were able to obtain (Figs. 4 Oocytes thus provides a convenient and versatile system for studying the structure of membrane proteins at high resolution by AFM. Many integral membrane proteins, including receptors, ion channels, and transporters, have been molecularly cloned and functionally expressed in Xenopus oocytes. Imaging them in oocytes by AFM, therefore, offers an excellent way to study their quaternary structure at molecular resolution without the need for crystallization. Using oocytes for imaging avoids the uncertainty of membrane orientation encountered when using reconstituted lipid vesicles or membrane preparations from tissues or cells, because the extracellular side of the oocyte membrane is always facing "up." Also, coexpression of multiple proteins in oocytes will allow the characterization of protein-protein interactions. More importantly, the oocyte offers the opportunity of one-cell experiments: a single oocyte can provide information on the amount ofthe membrane protein by ligand binding assay, on the function of the protein by electrophysiological recording, and on the structure of the protein by AFM imaging. With future technical improvements of this technique, it should be possible to characterize intermolecular arrangements and interactions, such as ligand-receptor or antigen-antibody complexes, by AFM imaging. Correlating such information in the same cell may lend new insight into the structure-function relationship of membrane proteins.
